Forkhead box O1 (FoxO1), a member of the Forkhead box-containing O family of transcription factors, is a key regulator of numerous genes that govern a wide array of cellular functions, including differentiation, homeostasis, and survival. However, the role of FoxO1 in development remains elusive. Here, we describe an essential and previously undefined role for FoxO1 in placental development. We demonstrate that FoxO1-null embryos up to embryonic day 9.0 (E9.0) are indistinguishable, including their morphology, cardiovascular structure, and vascular gene expression, from wild-type (WT) littermates. However, FoxO1-nulls manifested a profoundly swollen/hydropic allantois, which failed to fuse with the chorion, a phenotype that leads to subsequent cardiovascular malformation, progressive apoptotic cell death, and embryonic lethality at E10.5. Quantitative RT-PCR analysis of genes involved in placental development revealed significant attenuation of VCAM1 expression in FoxO1-null embryos. Using immunohistochemical, transcriptional, and chromatin immunoprecipitation assays, we further discovered that FoxO1 is an essential upstream regulator of the VCAM1 gene. Collectively, our findings provide critical molecular insight into a unique FoxO1-VCAM1 axis that governs placental morphogenesis, a process that is essential for subsequent normal cardiovascular development and fetal life.
Forkhead box O1 (FoxO1), a member of the Forkhead box-containing O family of transcription factors, is a key regulator of numerous genes that govern a wide array of cellular functions, including differentiation, homeostasis, and survival. However, the role of FoxO1 in development remains elusive. Here, we describe an essential and previously undefined role for FoxO1 in placental development. We demonstrate that FoxO1-null embryos up to embryonic day 9.0 (E9.0) are indistinguishable, including their morphology, cardiovascular structure, and vascular gene expression, from wild-type (WT) littermates. However, FoxO1-nulls manifested a profoundly swollen/hydropic allantois, which failed to fuse with the chorion, a phenotype that leads to subsequent cardiovascular malformation, progressive apoptotic cell death, and embryonic lethality at E10.5. Quantitative RT-PCR analysis of genes involved in placental development revealed significant attenuation of VCAM1 expression in FoxO1-null embryos. Using immunohistochemical, transcriptional, and chromatin immunoprecipitation assays, we further discovered that FoxO1 is an essential upstream regulator of the VCAM1 gene. Collectively, our findings provide critical molecular insight into a unique FoxO1-VCAM1 axis that governs placental morphogenesis, a process that is essential for subsequent normal cardiovascular development and fetal life.
F oxO factors are a subclass of the large family of Forkhead transcriptional regulators characterized by a conserved 110-amino-acid DNA-binding motif called the "forkhead box" or "winged helix" domain (1) (2) (3) . On the basis of homologies within the forkhead box domain, the 39 distinct members of the human Forkhead family are divided into 19 subclasses (FoxA-FoxS) (3, 4) . Four members of the FoxO subgroup (FoxO1, FoxO3, FoxO4, and FoxO6) recognize a consensus DNA-binding element, 5′-RYAAAYA-3′ (where R = A/G, Y = C/T), in the promoter/enhancer region of numerous genes to regulate a wide array of cellular functions, including cell differentiation, proliferation, survival, metabolism, and homeostasis of stem/progenitor cells (5) (6) (7) (8) ; their role in development is just emerging. For example, mice lacking FoxO3 are viable but manifest age-dependent female infertility (9, 10), whereas targeted disruption of FoxO1, but not FoxO3 or FoxO4, leads to midgestational lethality (6, 9, 11) . Although embryonic lethality of FoxO1-deficient mice has been attributed to abnormal vascular/cardiovascular morphogenesis (9, 11) , mechanisms underlying these defects are currently unknown. Expression of FoxO1 in developing umbilical cord (9) suggests that, apart from its putative role in the cardiovascular system, FoxO1 may play a role in other contexts, such as development of the placenta.
The placenta is the first organ to form during mammalian embryogenesis, establishing the maternal-fetal circulatory system for the exchange of gases, nutrients, waste products, and growth factors (12, 13) . Therefore, subtle perturbations in its morphogenesis and function due to either genetic or environmental insult underlie many aspects of organ malformation, pregnancy complications, and early pregnancy loss (12, 13) . Although the human and rodent placentas differ in specific aspects of their architecture, the overall molecular mechanisms and distinct stages of placental development are similar (12) . Among these stages, attachment of the allantois, a mesodermal extraembryonic sac that arises at the posterior end of the embryo, with its counterpart, the chorion, at E8.5 is believed to be one of the most critical aspects of functional placental morphogenesis (12, 13) . Therefore, defects in chorioallantoic attachment are one of the most common causes of midgestation embryonic lethality (12, 13) .
Precise mechanisms governing chorioallantoic attachment are unknown, but the general consensus is that interaction between the vascular cell adhesion molecule-1 (Vcam-1) of the allantois with its counterpart, α4 integrin, in the chorion, is critically involved (14) (15) (16) . Given the midgestational lethality of FoxO1-null embryos (6, 9, 11) and FoxO1's expression in developing umbilical cord (9), we set out to investigate whether FoxO1 participates in placental development.
In the present study, we have defined the molecular mechanism underlying midgestation lethality of FoxO1-null embryos. We demonstrate that early developing FoxO1-null embryos are morphologically and anatomically indistinguishable from their wildtype (WT) littermates, and cardiovascular structures are intact. However, mutant embryos at this stage manifest a profoundly swollen/hydropic allantois, which does not fuse with the chorion. Using immunohistochemical, histological, and gene expression analyses, we demonstrate that this lack of chorioallantoic attachment in FoxO1-null embryos was not due to cardiovascular malformations, but rather arises due to dysregulation of VCAM1 gene expression. Indeed, using transcriptional, chromatin immunoprecipitation (ChIP), and TUNEL assays, we report that FoxO1 is an essential upstream regulator of the VCAM1 gene, and that a FoxO1-VCAM1 axis is critical for cell survival and subsequent growth and development of the placenta and the cardiovascular system. Collectively, our findings provide unique mechanistic and molecular insight into a previously unrecognized FoxO1-VCAM1 axis that governs placental morphogenesis, which is essential for subsequent cardiovascular development and fetal life.
Results and Discussion
FoxO1 Is Essential for Allantois and Cardiovascular Morphogenesis.
To gain insight into the role of FoxO1 in development, we mated FoxO1 heterozygous mice (6) and isolated FoxO1-WT, -heterozygous, and -null embryos from timed pregnant females at distinct developmental stages (17) . Consistent with previously reported studies (6, 9, 11), FoxO1-null embryos were dead at E10.5, and multiple cardiovascular malformations, including looping defects, pericardial edema, and hemorrhage, were ap- parent at E9.5 (Fig. 1A) . By contrast, FoxO1-heterozygous embryos were viable and morphologically indistinguishable from their WT littermates at all developmental stages (Fig. S1A) , suggesting that at least one allele of the FoxO1 gene is sufficient for normal growth and survival of developing and adult mice. Histological analyses of transverse sections of WT and null embryos at E9.5 revealed abnormal morphogenesis of endocardium and major vessels, including dorsal aorta, in FoxO1-null embryos ( Fig. 1B and Fig. S2A ).
Next, we isolated embryos at slightly earlier stages of gestation, E8.0-E9.0, and noted that FoxO1-WT and -null littermates were morphologically and anatomically indistinguishable (Fig.  1) . However, compared with the normal, funnel-shaped configuration of the allantois in FoxO1-WT and -heterozygous embryos at E9.0, FoxO1-null littermates manifested a profoundly swollen/ hydropic allantois (Figs. 1A and 2 A and D and Fig. S1A ). Further, the configuration of the allantois was different in FoxO1-WT and -null littermates at E8.0 as well ( Fig. 1A and Fig. S1B ).
RT-PCR analysis of RNA isolated from embryonic and extraembryonic tissues established FoxO1 expression in both WT allantois and total embryo at these early stages (Fig. S1C) . Collectively, these data suggest strongly that FoxO1 is essential for normal growth and morphogenesis of both the allantois and the cardiovascular system.
Failure of Chorioallantoic Attachment in FoxO1-Deficient Embryos Is
Not Due to Cardiovascular Malformation. Having detected the abnormal allantois and dysregulated cardiovascular morphogenesis in FoxO1-null mice (Fig. 1) , we first sought to determine whether the misshapen allantois in early developing null embryos was associated with vascular and/or cardiovascular malformation. To compare embryonic and extraembryonic vascular development in FoxO1-WT and -null embryos, we examined embryos without detaching them from the yolk sac (YS). We observed a honeycomb-like vascular plexus containing blood in the YS at E8.5 ( Fig. 2C ) and E9.0 ( Fig. 2A ) of both FoxO1-WT and -null embryos. The presence of erythrocytes within the dorsal aorta of FoxO1-WT and -null embryos at E9.0 (Fig. 1B and Fig. S2A ) further supported the notion that both embryonic and extraembryonic vascular structures were normal in early (between E8.5 and E9.0) developing WT and FoxO1-null littermates. This conclusion is consistent with a previous study (11) and was further corroborated by immunohistochemical analyses for the endothelial/endocardial marker α-endomucin ( Fig. 2B ) (17) and measurements of transcript levels of two endothelial-specific genes, Cd31/Pcam1 and Tie2 (Fig. S2B ) (18), each of which was essentially similar in both genotypes. In contrast with these early observations, a well-developed YS and head vasculature containing blood, readily seen in FoxO1-WT embryos, was absent in null littermates at E9.5 ( Fig. 1A and Fig. S2C ). Although endothelial/endocardial cells were detected in E9.5 embryos (Fig.  2B ), aberrant association of endocardial endothelium and ruptured vessels were each seen exclusively in FoxO1-null embryos (Figs. 1B, 2B, and 3B); this was further evident by the presence of hemorrhage (Fig. 1A) and absence of erythrocytes within the dorsal aorta of FoxO1-null, but not -WT embryos (Fig. S2A) . Collectively, these data strongly suggest that the misshapen allantois observed in E8.0 and E9.0 null embryos (Figs. 1A and 2) was not associated with vascular/cardiovascular malformation. Indeed, early developing embryos deficient of the ER71 gene, a master regulator of the genesis of the cardiovascular system, do not manifest a misshapen allantois (17) . On the basis of these data, we hypothesized that FoxO1 plays an essential role in placental development.
To test this hypothesis, we next sought to determine whether the misshapen allantois in FoxO1-null embryos was associated with failure of chorioallantoic attachment. In FoxO1-WT embryos, which were either isolated (Fig. 2C ) or identified within uteri (Fig. 2D) at E8.5, the allantois had fused normally with the chorion. Similarly, the allantois of FoxO1-WT embryos was fused with the chorion at E9.0 (Fig. 2D) . By contrast, we noted a striking absence of chorioallantoic attachment in FoxO1-null littermates at each of these developmental stages ( Fig. 2 C and  D) , whereas formation of the amnion (Fig. 2D ) and blood islands (Fig. S3) were each normal in FoxO1-null and -WT littermates. These data further suggest that the lack of chorioallantoic attachment in FoxO1-null embryos was not associated with a developmental delay or abnormal cardiovascular morphogenesis. Collectively, these findings support our hypothesis that FoxO1 is essential for chorioallantoic attachment/placental development, a process that is critical for subsequent normal vascular/cardiovascular development, fetal growth, and survival. Having established that FoxO1 is essential for chorioallantoic attachment (Fig. 2) , and that this chorioallantoic attachment is critical in establishing placental-fetal circulatory systems for the exchange of nutrients, cell-cell communication, and homeostasis (12, 13), we set out to determine whether disruption of placentalfetal circulatory interactions in FoxO1-null embryos contributes to their embryonic lethality. Immunohistochemical analyses for Ki67 demonstrated normal, active cellular proliferation in FoxO1-null and -WT littermates (Fig. S4) , suggesting that lethality was not due to a lack of cell proliferation. Using TUNEL assays, we next probed for evidence of apoptotic cell death in in FoxO1-null allantois was significantly increased at E8.0 and E9.0 (Fig. 3A) . By contrast, we did not detect evidence of increased cell death in other regions of E8.0 FoxO1-null embryos (Fig. S5A) . At later stages (E9.0 and E9.5), however, apoptotic cell death was progressively increased in FoxO1-null embryos compared with WT littermates (Fig. 3B and Fig. S5B ). Apoptotic cell death in FoxO1-null allantois and embryos was further confirmed by immunohistochemical analyses for activated caspase-3 ( Fig. 3) . It is worth noting that the apoptotic cells were detected primarily in the allantois and the neural tube, dorsal aorta, and . Note an increase of apoptotic cell death in allantois (white arrowheads) and embryos of FoxO1-null mice. Red arrowheads indicate TUNEL-and corresponding caspase-3-positive cells. All images were captured using a 10× objective, except that the allantois with caspase-3 staining was at 20× magnification. BA, branchial arch; DA, PHV, EC, and NT are as in Fig. 1 and indicated with white arrows. branchial arches of embryo proper (Fig. 3) , regions which are the primary sites of FoxO1 gene expression early during development (9, 11) . We conclude that FoxO1 is a critical upstream regulator of transcriptional networks governing cell-cell communication in chorioallantoic attachment, a process that is critical for fetal cell survival, homeostasis, and subsequent normal organ, including vascular/cardiovascular, development.
FoxO1 Is an Essential Upstream Regulator of the VCAM1 Gene. Next, we sought to define mechanisms of FoxO1-dependent transcriptional regulation of placental morphogenesis. Numerous studies based on gene mutation strategies have identified a host of cellular factors, including, but not limited to, diverse transcription factors, cell signaling, and adhesion proteins as essential regulators for placental morphogenesis (12, 13) . Interestingly, mutation of several genes that are expressed in developing heart but are essentially absent in allantois, such as Itga4, which encodes α4 integrin (16) and Mrj/Dnajb6, which encodes a cochaperone protein (19) , are reported to manifest phenotypic consequences similar to those observed in FoxO1-deficient mice (Figs. 1 and 2) . To define the transcriptional circuitry governed by FoxO1 during placental development, we used an unbiased strategy and examined expression of numerous genes that are essential at discrete stages of placental morphogenesis. Quantitative RT-PCR (qRT-PCR) analyses of RNA from hearts of FoxO1-WT and -null embryos revealed that expression of the Itga4 gene was not repressed in FoxO1-null heart (Fig. 4A) , which was consistent with immunohistochemical analyses revealing similar α4 integrin protein levels in WT and FoxO1-null chorion (Fig. S6) . Similarly, transcripts of the Mrj gene, which encodes a cochaperone protein (19) , and Hand1, which encodes a basic helix-loop-helix transcription factor, each essential for early placental and late cardiovascular development (20) (21) (22) , were not attenuated in FoxO1-null heart (Fig. 4A) . These data strongly suggest that defects in placental morphogenesis in FoxO1-null mice were not associated with altered expression of these genes. By contrast, we noted significant attenuation of VCAM1 transcripts in FoxO1-null heart (Fig. 4A) , which was further corroborated with immunohistochemical analyses revealing significantly diminished Vcam-1 protein levels in FoxO1-null heart (Fig. 4C) . These data, then, suggest that FoxO1 regulates placental morphogenesis by modulating VCAM1 gene expression. Additionally, it has been reported that attenuated expression of BMP4, but not VCAM1, is associated with placental malformations in Foxf1-deficient mouse embryos (23) , suggesting that mechanisms of placental morphogenesis regulated by FoxO1 are distinct from those of Foxf1.
Vcam-1 is a member of the transmembrane glycoprotein Ig superfamily expressed in a variety of vascular and nonvascular cells to mediate cell-cell interactions (24) . Although Vcam-1 function was originally thought to be associated primarily with white cell-endothelial cell interaction in response to inflammatory cytokines (25) , gene disruption analyses uncovered its pivotal role in placental and subsequent cardiovascular development (14, 15) . Consistent with this, the VCAM1 gene is expressed predominantly in the allantois and heart of early developing embryos (15) . Given this, we asked whether VCAM1 expression was also attenuated in FoxO1-null allantois. Indeed, qRT-PCR, and immunohistochemical analyses, revealed significant attenuation of VCAM1 transcripts (Fig. 4B ) and protein levels (Fig. 4C) in FoxO1-null allantois compared with WT embryos. In contrast, expression of Lhx1, a Lim-domain transcription factor involved in chorioallantoic attachment (12, 13), was not attenuated in FoxO1-null allantois (Fig. 4B) , suggesting that attenuation of VCAM1 gene expression was FoxO1 specific. This . FoxO1 is an upstream regulator of VCAM1 gene expression. Quantitative RT-PCR analyses for fold change of the transcript of indicated genes using RNA isolated from FoxO1-WT and -null heart (A) and allantois (B) (n = 3-4). Gene expression in WT heart and allantois was normalized to 1. Note the significant dysregulation of VCAM1 gene expression in FoxO1-null heart and allantois ( # P < 0.001 versus WT). (C) Immunohistochemical analyses for Vcam-1 in E8.5 FoxO1-WT (+/+) and -null (−/−) embryos revealed significant attenuation of Vcam-1 levels (arrows) in FoxO1-null heart and allantois (Al) compared with WT littermates. Head and chorion (Ch) are indicated. (D) Schematic of the VCAM1 upstream promoter region (−0.7 kb) fused to a luciferase (Luc) reporter. Coexpression of a constitutively active FoxO1 (caFoxO1) elicited dose-dependent activation of VCAM1 reporter activity harboring WT, but not mutated, FoxO-responsive elements (FREs) (*P < 0.001 versus control; # P < 0.01 versus WT FREs). Error bars represent mean ± SD, and P values were calculated by Student's t test.
was further corroborated by immunohistochemical analyses revealing co-localization of FoxO1 and Vcam-1 in developing allantois (Fig. S7A) . Also, coexpression of FoxO1 and VCAM1 genes was confirmed in endothelial progenitor cells using qRT-PCR analyses of RNA extracted from Tie2-GFP + cells (Fig.  S7B) (17) . At the same time, significant dysregulation of p21CIP, a known downstream target gene of FoxO1 (26) , in FoxO1-null heart (Fig. 4A) and allantois (Fig. 4B) further suggested that the regulation of VCAM1 abundance occurred at the level of gene transcription. On the basis of these data, we hypothesized that VCAM1 is a unique downstream target gene of FoxO1.
To complement these in vivo data, we undertook in vitro analyses to test further whether VCAM1 is a downstream target gene of FoxO1. Sequence analysis of the VCAM1 gene revealed two conserved FoxO-responsive elements (FREs) in its upstream promoter region (Fig. S8A) . We next fused the VCAM1 promoter to a luciferase reporter and conducted transcriptional assays to define the specificity of FoxO1 as a transcriptional regulator of the VCAM1 gene. We observed a significant and dose-dependent induction of luciferase activity by FoxO1 from a VCAM1 promoter harboring WT-FREs (Fig. 4D) , whereas mutation of the FREs (Fig. S8B ) abrogated transcriptional activity (Fig. 4D) , suggesting that FoxO1 binding to the FREs is essential for its transcriptional activity. Using ChIP assays (17), we confirmed the in vivo occupancy of FoxO1 at the VCAM1 promoter harboring FREs (Fig. S8C) . Thus, given the striking similarities between the phenotypes of FoxO1- (Figs. 1 and 2 ) and VCAM1-null (14, 15) mice, and evidence of transcriptional regulation of VCAM1 gene expression by FoxO1, we concluded that FoxO1 is an essential upstream regulator of the VCAM1 gene and that this FoxO1-VCAM1 transcriptional axis is critical for normal allantois development and establishment of maternal-fetal circulatory interaction during embryogenesis. To our knowledge, this is a unique report that has established FoxO1 as an essential transcriptional regulator of the VCAM1 gene in vivo and unveiled its physiological significance in fetal growth and survival.
In this study, we report an essential and previously unrecognized FoxO1-VCAM1 network that is critical to early placental development and establishment of maternal-fetal circulatory interactions for subsequent normal cardiovascular morphogenesis. Further, our study provides insight into the mechanism of embryonic lethality of FoxO1-null embryos; inactivation of the FoxO1 gene did not affect early vascular and/or cardiovascular development ( Figs. 1 and 2 ), but rather disrupted placentation (Fig. 2) , triggered progressive progenitor cell death (Fig. 3) , and vascular leakage leading to midgestational lethality due to hemorrhage and cardiovascular malformations (Fig. 1) . In other words, these findings have not only unveiled a pivotal and previously unrecognized role for FoxO1 in development but they also provide key mechanistic insight into a FoxO1-VCAM1 axis, which is critical to normal cell-cell communication and cell viability within the developing embryo and placenta.
Conditional inactivation of FoxO1 in the developing cardiovascular system using Cre-mediated recombination strategies is not lethal (27) . However, expression of FoxO1 in the developing cardiovascular system (28) suggests a putative role for FoxO1 and/or a FoxO1-VCAM1 axis in cardiovascular development. The fact that the cardiac phenotype in VCAM1-null (15) and other mutant mouse models precedes placental malformation (14-16, 19, 20) , confounds analysis of their autonomous role in cardiovascular development. Similarly, the relative contributions to embryonic cardiovascular malformation (Fig. 1) afforded by placental malformation versus FoxO1 gene inactivation within the cardiovascular system itself is unknown. Future work involving conditional and combinatorial inactivation of FoxO1 in cardiac lineages will be needed to unveil a potentially cardiovascular-autonomous role of FoxO1. However, the fact that more than half a million pregnancy losses occur annually due to miscarriage in the United States alone highlights the significance of the pathway described here in normal placental development and fetal growth and survival. In addition, our findings have implications regarding potential danger associated with use of Vcam-1 and FoxO1 antagonists during pregnancy.
Materials and Methods
Plasmids. A 0.7-kb upstream promoter fragment of the VCAM1 gene was PCR amplified from mouse genomic DNA and cloned into MluI and XhoI sites of the pGL3-luc reporter plasmid (Promega) and confirmed by sequencing. The conserved FREs in the VCAM1 promoter were mutated by serial PCR amplification of promoter fragments using mutant primer pairs as described (17) Mouse and Embryo Isolations. FoxO1 knockout mice were described previously (6) . The staging and processing of embryos and genotyping using genomic DNA, extracted either from yolk sacs or embryo proper, were described previously (17) . All mice were maintained in the animal facility at University of Texas Southwestern Medical Center according to the guidelines of the institutional animal care and use committee and the Animal Resource Center. A detailed procedure is provided in SI Materials and Methods.
Histological, Immunohistochemical, and TUNEL Analyses. Histological and immunostaining analyses for α-endomucin and Ki67 were described previously (17) . Immunostaining for activated caspase-3 (Cell Signaling; no. 9661S) and α4 integrin (Antibodies-Online; no. 03F01) was carried out as described for α-endomucin, except that 0.05% citraconic anhydride was used for antigen retrieval, and the primary antibody was used at 1:50 and 1:40 dilution, respectively. Immunostaining for Vcam-1 (Santa Cruz Biotechnology; sc-8304) was performed as described (17) , except that the signal was amplified using the Tyramide Signal Amplification kit (Perkin-Elmer) according to the manufacturer's instructions and detected by streptavidin-peroxidase (Vector Laboratories) and diaminobenzidine (Dako-Cytomation). Apoptotic cell death in FoxO1-WT and -null embryos was analyzed according to previously published methods (17) .
RT-PCR and Quantitative RT-PCR Analyses. Total RNA from FoxO1-WT and -null embryos, hearts, and extraembryonic tissues (yolk sac and allantois) was extracted using TRIzol (Invitrogen) according to the manufacturer's instructions. Equal amounts of RNA was used to prepare cDNA and used for RT-PCR and qRT-PCR analyses as described (17) . A detailed procedure is provided in SI Materials and Methods.
Reporter Gene Assays. Transcriptional assays using VCAM1 reporter constructs, harboring WT or mutated FoxO-response elements, were performed as described (17, 30, 31) , except that COS1 cells were used, and DNA (310 ng) was transfected using Fugene-HD (Roche) according to the manufacturer's instructions. Luciferase activity was measured using dual-luciferase kit (Promega), and luciferase activity of pTK-renilla (control) was used to normalize firefly luciferase activity. Each assay was performed in triplicate and repeated three times. Luciferase activity in the absence of FoxO1 was normalized to 1 to determine FoxO1-dependent fold activation of luciferase activity.
